Several systems for enzyme-linked immunosorbent assay (ELISA) of thermostable direct hemolysin (TDH) of Vibrio parahaemolyticus were tested, and single-antibody sandwich ELISA systems gave satisfactory results. ELISA was able to detect as little as several nanograms of purified TDH per milliliter. The method of De Jong (J. Clin. Microbiol. 17:928-930, 1983) and the glutaraldehyde method were successful for preparing conjugates of alkaline phosphatase and anti-TDH antibody. TDH in fluids in intestinal loops of experimental animals challenged with living V. parahaemolyticus was accurately detectable by ELISA. Vibrio parahaemolyticus is a causative bacterium of acute gastroenteritis (9). This organism is classified into two types on the basis of whether it causes hemolysis by means of thermostable direct hemolysin (TDH) on a special blood agar medium (Wagatsuma medium). This hemolytic action on Wagatsuma medium has been named the Kanagawa phenomenon (9, 10), and a positive Kanagawa phenomenon is closely associated with pathogenicity in humans (3, 9, 10, 14) .
Vibrio parahaemolyticus is a causative bacterium of acute gastroenteritis (9) . This organism is classified into two types on the basis of whether it causes hemolysis by means of thermostable direct hemolysin (TDH) on a special blood agar medium (Wagatsuma medium). This hemolytic action on Wagatsuma medium has been named the Kanagawa phenomenon (9, 10) , and a positive Kanagawa phenomenon is closely associated with pathogenicity in humans (3, 9, 10, 14) .
We demonstrated that TDH has cardiotoxicity which may be a cause of death on infection with V. parahaemolyticus (3) . Moreover, Miyamoto et al. (11) reported that TDH also produces a positive reaction in the ileal loop test in rabbits, and its minimal effective dose for fluid accumulation is 125 ,ug. Thus, TDH seems to be important for the pathogenicity of V. parahaemolyticus.
Thus it is important to develop a highly sensitive and specific method(s) for detection of TDH produced by V. parahaemolyticus. This paper reports the development of an enzyme-linked immunosorbent assay (ELISA) for identification of Kanagawa-positive cultures of V. parahaemolyticus. We also discuss the possibility of using ELISA for direct detection of TDH in stools of patients.
MATERIALS AND METHODS
Bacterial strains. All cultures were from the Laboratory for Culture Collections, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan. Forty-one strains of V. parahaemolyticus were used; 28 strains were Kanagawa phenomenon-positive, and 13 strains were Kanagawa phenomenon-negative.
Test for the Kanagawa phenomenon. The modified Elek test (2) for identifying the Kanagawa phenomenon was used.
Medium and cultures. A liquid medium, peptone (Difco Laboratories, Detroit, Mich.)-NaCl (6) , composed of 1% peptone, 3% NaCl, 0.5% Na2HPO4 and 0.5% glucose, was used for preparation of TDH. Bacteria were cultured in peptone-NaCl broth at 37°C with rotation for 18 h, and the culture supernatant obtained by centrifugation (4,600 x g for 15 min) was used for the assay.
Preparation of anti-TDH antisera. TDH was highly purified * Corresponding author.
as described previously (6) . Antisera were raised in rabbits as described previously (2) . Immunoaffinity column chromatography. Activated CHSepharose 4B (Pharmacia Fine Chemicals, Uppsala, Sweden) was used as a coupling gel for ligand immobilization of TDH. The procedure used for coupling was (ii) Direct ELISA. Samples (0.15 ml of purified TDH or crude culture supernatant) were directly introduced into each well of a vinyl microplate (Becton Dickinson) or a polystyrene microplate (Micro-ELISA; Dynatech Laboratories, Inc., Alexandria, Va.). TDH bound to the surface of the ELISA microplate was detected with rabbit anti-TDH antiserum, as shown in Table 1 .
(iii) Sandwich ELISAs. Two sandwich ELISA methods were tested. For method a, rabbit anti-TDH antiserum was conjugated with alkaline phosphatase-labeled anti-rabbit immunoglobulin (Tago, Inc., Burlingame, Calif.) in test tubes by the method of De Jong (1). Anti-TDH and alkaline phosphatase-labeled anti-rabbit immunoglobulin at dilutions of 1:800 and 1:400, respectively, were mixed, and then an equal volume of a 1:400 dilution of normal rabbit serum was added. For sandwich ELISA b, anti-TDH immunoglobulin purified on an immunoaffinity column was labeled with alkaline phosphatase (Sigma; Type VII-S) as reported previously (4). Details of the procedure, which was as reported (5) , are shown in Table 1 .
In every ELISA system tested in this experiment, appropriate dilutions and concentrations of antibodies and enzyme-immunoglobulin conjugate were determined by checkerboard titrations. For example, in sandwich ELISA method b every combination of serial 10-fold dilutions (1 to 1,000 nglml) of TDH and serial 2-fold dilutions (1:100 to 1:6,400) of alkaline phosphatase-anti-TDH conjugate were tested in both anti-TDH-coated and bovine serum albumin-coated ELISA plates, and the highest dilution (1:800) of the conjugate which gave the biggest difference in optical density between the anti-TDH-and bovine serum albumin-coated plates was determined and used in further experiments.
Rabbit ileal loop test. The rabbit ileal loop test was carried out exactly as described previously (8) . About 108 cells of V. parahaemolyticus (strains N-269 or WP-1) per ml were introduced into ileal loops. Animals were sacrificed 18 h later, the fluid accumulated in the loop was collected and centrifuged at 15,000 x g for 15 min, and the supernatant was used for toxin assay. RESULTS Ganglioside ELISA. Ganglioside ELISA was first developed for detection of cholera toxin and heat-labile enterotoxin of enterotoxigenic Escherichia coli (17) . We examined this method for detection of TDH because we demonstrated neutralization of TDH by ganglioside mixture (Sigma; Type II) (15, 16) . The ELISA system with ganglioside mixture described previously (5) could detect cholera toxin but not TDH.
Direct ELISA. In direct ELISA, purified TDH was introduced into each well of ELISA microplates made of vinyl or polystyrene, and binding of TDH was recognized with anti-TDH antiserum (1:1,000 dilution). TDH at more than 10 ng/ml could be detected by direct ELISA (Fig. 1) . Vinyl microplates were slightly more sensitive than polystyrene plates. However, TDH in crude culture supernatants could not be detected by direct ELISA.
Sandwich ELISA. Since the ELISAs described above were not satisfactory for clinical diagnostic use, we developed a sandwich ELISA by using two different alkaline phosphatase-anti-TDH conjugates. First we used the method of De Jong (1). Rabbit antibody for TDH and commercial anti-rabbit immunoglobulin-alkaline phosphatase conjugate were mixed to produce a complex conjugate suitable for use as a second antibody in ELISA. TDH at levels of more than 9 ng/ml (more than twice the sample-control optical density ratio) could be detected with this system, and a good dose-response curve was obtained in about 10 to 1,000 ng of TDH per ml (Fig. 2 ). This ELISA with culture supernatants of V. parahaemolyticus was satisfactory for identification of Kanagawa phenomenon-positive cultures, and the only problem was the delicacy required for preparing enzymelabeled conjugates.
Second, we tested glutaraldehyde conjugation of anti-TDH immunoglobulin and alkaline phosphatase for use as a second antibody in ELISA. Results were satisfactory (Fig.  2) , stable, and repeatable. Kanagawa phenomenon-positive strains, as judged by a modified Elek test (2) , could also be identified by using culture supernatants in the ELISA test (Table 2) known causative bacterium of gastroenteritis (9) . Results showed that sandwich ELISAs with either the principle of De Jong (1) or glutaraldehyde conjugation (4) of anti-TDH and alkaline phosphatase were satisfactory. The former sandwich ELISA can be performed without technical difficulties in preparing a conjugate, but care is required in preparing a good enzyme-labeled conjugate, since different lots prepared by mixing equal ratios of anti-TDH and antirabbit immunoglobulin-alkaline phosphatase conjugate showed different sensitivities. The latter sandwich ELISA seems to be the best because it gives stable, reproducible results and has high sensitivity. The only disadvantage of this ELISA is that the anti-TDH-alkaline phosphatase conjugate must be prepared in the laboratory.
A well-documented, double-antibody sandwich ELISA done by using antisera of two different animal species can also be used to detect TDH. Although the double-antibody ELISA system requires development of antibodies against toxin in two different animals, such as guinea pig and burro (17) , it can be performed with a commercially available conjugate of enzyme and antibody against the second animal immunoglobulin, and it may provide a more sensitive assay than the single-antibody sandwich ELISA described in this paper. However, we think that the single-antibody ELISA has several advantages over the double-antibody ELISA: (i) no need for facilities to maintain and immunize a second animal species; (ii) fewer steps, because the toxin in samples is recognized directly with an antitoxin-enzyme conjugate; (iii) quicker results and a reduced possibility of nonspecific reactions; and (iv) no possibility of nonspecific reactions caused by immunological cross-reaction of the two antibodies, which is one potential disadvantage of a double-antibody system, as discussed previously (17) .
The inability of ganglioside ELISA to detect TDH is strange because ganglioside GT1, which was present in the ganglioside mixture (Type Il) (16) used in this experiment, is thought to be a possible receptor of TDH (15, 16) . One possible explanation is that the site of attachment of ganglioside GT1 to the surface of the ELISA plate and the site of reaction of ganglioside GT1 with TDH may be very close together, and thus TDH cannot bind ganglioside. These sensitive ELISAs for detection of TDH revealed that some Kanagawa phenomenon-negative strains, as judged by the modified Elek test (2), especially clinical isolates, do in fact produce TDH (Table 2 ). This possibility was pointed out previously (13) , and our finding supports the idea that TDH is the only toxin of V. parahaemolyticus responsible for the pathogenicity of this bacterium. How- ever, this idea may not be correct, because a Kanagawa phenomenon-negative strain caused fluid accumulation in rabbit ileal loops without producing TDH in vivo (Table 3) , and this fluid accumulation was not prevented by anti-TDH antiserum (8) . Shiga-like toxin was also thought to be a possible toxin for diarrhea caused by V. parahaemolyticus (12) . In spite of these considerations, the finding that 96.5% of the strains isolated from patients were Kanagawa phenomenon-positive, whereas 99.0% of those isolated from seafish and seawater were Kanagawa phenomenon-negative, is of practical importance, and we can expect TDH to be present in stools of patients with diarrhea caused by V. parahaemolyticus. Although data obtained in animal experiments on the detection of TDH in intestinal fluids (Table 3) cannot be directly applied to humans, our results suggest that the ELISA systems reported here should be tested as methods for direct assay of TDH in stool specimens and rapid diagnosis of diarrhea caused by V. parahaemolyticus, without or before bacterial isolation. This possibility is being tested in this laboratory.
